Earthquake Ground Motions Influenced by Horizontally Discontinuous Structures by KASUGA, Shigeru & IRIKURA, Kojiro
Title Earthquake Ground Motions Influenced by HorizontallyDiscontinuous Structures
Author(s)KASUGA, Shigeru; IRIKURA, Kojiro




Type Departmental Bulletin Paper
Textversionpublisher
Kyoto University
Bull. Disas. Prey. Res. Inst., Kyoto Univ., Vol. 32, Part 2, No 289, June, 1982 97
Earthquake Ground Motions Influenced by Horizontally 
            Discontinuous Structures
By Shigeru KASUGA and Kojiro IRIKURA
(Manuscript received March 31, 1982)
Abstract
   We observed earthquake ground motions at the area where the underground structures 
contain a horizontally irregular interface with abrupt change of sedimentary layer thick-
ness. Amplification effects due to underground structures are estimated from the spectral 
ratios of S wave ground motions at the soft ground to those at the rock outcrop. The spec-
tral ratios show that amplification effects are influenced by the underground structures in-
cluding adjacent areas in propagation of seismic waves. Predominant frequencies of the 
amplifications at the several points near and across the horizontal discontinuity are similar to 
each other, although the amplification factors at the predominant frequencies increase with 
the increasing thickness of the soft surface layer. These observed results are not consistent 
with the theoretical responses calculated by conventional Tomson-Haskell matrix method. 
   Seismic responses for incident SH waves are calculated in a multilayered medium con-
taining a layer with a horizontal discontinuity (i.e. laterally varying structure), applying 
the following two methods: singular integral equation method developed by Kennett, and 
discrete wave number method developed by Aki and Lamer. Amplification characteri-
stics are discussed by comparing the observed data with the theoretical estimates. The 
theoretical estimates by both methods agree well with the observed results in low frequency 
range, i.e. as long as incident wavelengths are larger than the dimension of a horizontal 
discontinuity.
1. Introduction
   Reports of earthquake damage have been frequently noted that the damage 
is sometimes confined to small zones, where local geological configulations have 
steeply lateral variations. For example, the intense damage at the 1963 Scopie Ear-
thquake is recorded along a belt which is defined by an abrupt change of the thick-
ness of the alluvium (Poceski,  1969).1) The 1976 Northern Yamanashi Earthquake 
in Japan concentrates the damage remarkably along the Tsurukawa fault belt, al-
though this fault is away from the source area (Murai, et al., 1977).2) Further-
more, we can note a lot of similar cases in recent large earthquakes, such as the 1978 
 Sea-Off-Miyagi Earthquake  (  Japan) and the 1980 Northern Italy Earthquake. 
These show it is necessary for the engineer-seismological study to estimate amplifi-
cation effects of ground motions by lateral interference associated with geological 
irregularity as well as vertical interference within  flat surface layers.
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   In  recect years, several studies have been done on the theoretical or numerical 
calculations of amplification characteristics of seismic waves due to horizontal ir-
regularities in surface layers (e.g., Hong and Helmberger,  1978;37 Boore, et al., 
 1971;4) Sanchez-Sesma and Esquivel,  1979)5). However, only a few observed field 
data have been reported (e.g., Rogers. A.M., et al.,  1979).6) The first purpose of 
this study is to estimate directly the amplification effects by observing ground motions 
in the area having a horizontal discontinuity. The second purpose is to discuss 
the validity and range of applicability of some theoretical methods by comparing 
the observed data with the theoretical estimates. Two practical methods are ex-
amined to calculate numerically the seismic responses for SH waves in a multi-
layered medium containing a layer with lateral steep variation of velocity. One is 
a singular integral equation method developed by Kennett (1973,  1974),7).8) and 
the other is a discrete wave number method developed by Aki and  Lamer  (1970).97 
2. Geological Feature of Observation Sites and Method of Observations 
   The study area is located at the eastern side of the southern part of Kyoto basin, 
as shown in the right-lower insert of Fig. 1. There extends a plain to the west of 
this area which approaches hills to the east. It is reported that the plain part is formed 
of alluvium and diluvium and the hill part is composed of paleozic strata  (Kitsune-
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   Fig. 1. Topographical map showing the location of the observational points,  Cl,  Gl, G2, G3 
           and 01, and vertical cross section of underground structures. 
          P: Paleozoic rocks, Q: Terrace deposits of deluvium, A: Alluvial deposits.
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zaki, et al.,  1971).') 
   The underground structure in this area was first estimated by Kitsunezaki et al. 
in 1971, as shown in the lower part of Fig. 1. They carried out seismic refraction 
exploration by means of five explosion sources on a long mesuring line of about 
12 km, ranging from the middle part of the basin to the eastern edge. In that survey, 
they found out that the thickness of soil deposits changed abruptly (about  150-
200 m) on the eastern side of the basin and the discontinuity was inferred to be located 
on an extension of the Obaku fault. In order to determine the underground struc-
tures in detail near the postulated fault, Kobayashi, et al.  (1980)n) carried out re-
fraction exploration on a short measuring line of about 600 m across the fault by a 
procedure of a stacking method employing a land-type air gun. 
   The east-to-west underground profile in the vicinity of the fault is shown in 
Fig. 2 obtained by the above two explorations and boring data. The soil deposits 
are formed of two  layers: alluvium and diluvium. The upper layer (alluvium) 
has a thickness of 10 to 20 m and a P wave velocity less than 1 km/sec. The lower 
layer has a laterally discontinuous thickness, which is thick on the west side of the 
fault and thin on the east side. From boring data, there evidently exists the base rock, 
underlying the soil deposits, at depth of about 50 m on the east side of the fault, i.e. 
hill side. On the other hand, we find that the depth to the base rock is more than 
180 m on the west side, i.e. basin side. 
   Earthquake ground motions have been observed at 5 points indicated with 
 ( 4-) marks in Fig. 1.  01 point, located at about 1 km east to the fault, is on the 
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   Fig. 2. Comparison between Pwave's velocity structures in the vicinity of the Obaku fault 
         determined by Kitsunezaki, et al. (1971) and those by Kobayashi, etal. (1980).
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rock outcrop,  Cl point, about 1 km west to the fault, is underlain by thick soft layers, 
and three points,  Gl, G2, and G3 are set in the immediate vicinity across the fault 
(each interval is about 300 m). 
    The sensing instruments are 3-component sets of velocity seismometers having 
a natural period of 2.0 sec, a sensitivity of 1  volt/kine and a damping ratio of 0.64 
to critical at the points except  Cl, and 3.0 sec, 2  voltikine, 0.64 at  G1  . The output 
singals from each seismometer are recorded in analog form using a magnetic tape 
recorder, after being amplified 50 to 200 times through DC type amplifiers. The 
data on magnetic tape are converted to digital form at the sampling interval of 
0.005 sec through an A-D converter. 
3. Data Analysis and Interpretation 
3.1 Spectral Analysis Method 
   To estimate layer transfer functions associated with surface layers, it is necessary 
to obtain the spectra of surface ground motions and incident waves from the bed 
rock to surface layers. To obtain the incident seismic waves, direct observation 
should be made at the bed rock underground (deeper than 500 m in this study area). 
In practice, however, it is usually very difficult to carry out such observation. In this 
study, seismic motions observed on a rock outcrop are regarded as the incident waves 
at the bed rock, and transfer functions associated with near surface layering are esti-
mated by comparing the motions on the soft grounds with those on the rock out-
crop. Effects of the surface topography on seismic motions at this rock site are 
discussed by Irikura  (1980).1') The azimuthal differences of the surface motions 
due to surface topographical effects at the rock site are reported to be, at the highest, 
less than 8 per cent within the frequency range of interest. We consider seismic 
motions at the rock site can be put into the incident waves as the first approxima-
tion. 
   Some care has to be taken when computing Fourier spectra of the ground motions, 
because spectral ratios generally have different values dependent on the methods of 
spectral calculations. Even if Fourier transform can be calculated exactly using, 
for example,  F.F.T. (Fast Fourier Transform) method, Fourier spectra of observed 
ground motions often show oscillatory character. This oscillatory character of the 
Fourier amplitude spectra can be understood as the result of the response of the 
layer to a sequence of discrete wave-arrivals of different types, each characterized 
by its own incident angle (Murphy  et al.,  1971).13) In addition, when making a 
calculation, truncation effects also cause the oscillatory spectra. To supress the 
oscillations in the spectral shapes, smoothing of spectra is required, although the 
physical significance of smoothing is not always clear. Fourier transform without 
smoothing is not adequet to calculate spectral ratios, because this oscillatory charac-
ter tends to increase errors in the spectral ratio computation. B.T.M. (Blackman 
and Tukey Method) is one of the conventional methods of smoothing, but it has a
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defect of low resolution for short records because this technique requires the com-
putation of auto-correlation function by using a zero extension of the data. On the 
other hand, M.E.M (Maximum Entropy Method) is superior in resolution because 
auto-correlation functions are predicted by using given finite auto-coveriance func-
tions. 
   An example of comparison between the spectra calculated by F.F.T. and those 
by M.E.M. is shown in Fig. 3. M.E.M. spectra are calculated by auto-covariance 
functions (A.F. method). The M.E.M. spectra are clearly smooth, just like the 
appropriate running mean ones of F.F.T. spectra. Application of the M.E.M. to 
the spectral analysis of seismic signals is discussed in detail by Ouchi and Nagumo 
 (1975).14) In calculating the spectra by M.E.M. there are two methods of com-
puting the filter coefficients; the A.F. method in which auto-covariance functions 
are directly calculated, and the Burg method, which is well known as Burg algorithm 
(Ulrich,  1972).15) It is reported by Saito (1974)16) that the Burg method is not 
suitable for nonstationary minimum phase data of short length. Kishimoto  (1980)177 
has examined the two methods by calculating the spectra for input test signals of 
various kinds, and showed that the A.F. method is usually better than the Burg 
method. Another significant problem in employing M.E.M. calculation is how 
large the filter length should be taken. Akaike's criterion, F.P.E. (Final Prediction 
Error), seems to be very useful in determining filter length, however, it does not 
always give reasonable results. In general, it is known that best filter length is 
somewhat larger than that given by F.P.E. criterion, particularly for periodic sig-
nals. 
   Considering these facts, we calculated the spectra of observed seismograms 
using the A.F. method for data length, 10.24 sec, and filter length, 1.5 sec, in this 
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      Fig. 3. Comparison between spectral ratios calculated by F.F.T. and those by M.E.M.
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study. 
 3.2. Analysis of Data from Deep Earthquakes 
   An analyzed example of ground motions from a deep earthquake is shown 
in Fig. 4 and Fig. 5. The wave-form and the Fourier spectrum of S wave motions 
at each point are compared, and spectral ratios of the ground motions at 4 points 
 (GI, G2, G3, and  Cl, underlain by soft surface layers) to the rock motions at  01 
point are computed to estimate the amplification effects due to the underground 
structures. 
   In the case of a deep earthquake from short distance, the seismic waves approach 
these points with nearly vertical incidence. The three spectral ratios of NS com-
ponent,  G1/01,  G2/01, and  G3/01 have a significantly common peak around 1.5 
Hz. Those of EW component do not always have such significant common-peaks. 
The ratio,  C1/01 shows a different tendency, having two significant peaks around 
0.5 Hz and 1.5 Hz. Another example of spectra and spectral ratios derived from 
another deep earthquake are shown in Fig.  6. 
   It is very difficult to separate SH wave from SV wave and to identify the same 
phases between the two sites. In this study, the spectral ratios of  B/Es, given by 
 VNS2-1-EIV, are computed to estimate the ground responses due to SH waves as a 
practical method. When the S wave's velocities of surface layers are remarkably 
lower than those of bed rock, the ground responses due to SV waves are like those 
due to SH waves. Thus,  \/Es may be considered to approximate the SH wave 
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                      Table 1. Layered models at theground sites. 
                         LAYERED MODEL 
            [S VELOCITY  (m/s): DENSITY(g/cm3): THICKNESS  (m)] 
  Cl  G1 (G) G3 
  250 1.7 3 250 1.7 5 250 1.7 5 250 1.7 5 
  440 1.8 12 500 1.9 50 500 1.9 20 500 1.9 20 
   320 1.8 6 750 2.1 150 750 2.1 100 750 2.1 20 
  580 1.9 11 1400 2.5 2400 2.5 2400 2.5 
   460 1.9 8 
   580 2.0 80 
   750 2.1 250 
   2400 2.5
ground-responses in this area. 
   In Fig. 7, the spectral ratios of  N/Es from three deep earthquakes are compared 
with theoretical responses due to the underground structures immediately beneath 
the  site using a conventional matrix method with flat layers assumption. Each 
layered model is determined from seismic prospecting and boring data. The  C1 
model response is in good agreement with the observed results as shown in Table 1. 
Two predominant peaks around 0.5 Hz and 1.5 Hz correspond to the fundamental 
and the first higher mode resonant-frequencies respectively in the thick soft layers. 
This indicates that amplification characteristics at  CI, about 1 km away from the 
fault, are not so significantly affected by the fault structure in the deep earthquake 
cases. On the other hand, the theoretical responses of  G1 and G3 models assuming 
flat layers are not consistent with observed ones. The spectral ratios at the three 
points,  Gl, G2 and G3, have commonly predominant peaks whose frequencies are 
almost the same and amplitudes are different from one another, as shown in Fig. 7. (G) 
model is assumed as the structures with averaged properties of those on both sides 
of the fault. The predominant frequencies of the spectral ratios,  G1/01,  G2/O1, and
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 G3/01 tend to agree with that of response of (G) model, assumed as an average, 
rather than those of  GI and G3 model, assumed by considering structures directly 
beneath each point. Naturally, the amplitude variation of the spectral ratios can 
not be explained by the (G) model. 
   The amplitudes of the common peaks are considered to be different depend-
ing on the site conditions of the three points. That is, amplification factors cor-
responding to the peak amplitudes of the ratios increase with the increasing thickness 
of the soft layers directly beneath each point. The frequencies of the common peaks 
vary slightly (1.4  Hz-1.6 Hz), in detail, for the three earthquakes. The slight di-
fference between these peak frequencies may be caused by the difference of the azi-
muth and the angle of incidence of seismic waves. 
3.3 Analysis of Data from Shallow Earthquakes 
   In Fig. 8, analyzed examples of ground motions from shallow earthquakes are 
shown. The seismic waves are considered to approach these sites at oblique in-
cidence. The left figures show the cases of the waves arriving from the west, that 
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is propagating from thick soft layers to thin ones, and the right figures show the cases 
from the opposite direction. The spectral ratios,  G1/01 have significantly larger 
factors than do the ratios,  G3/01, in the lower frequency range (lower than 5 Hz in 
Fig. 8), although they have factors of the same order in the higher frequency range. 
This is caused by lateral variations of the soft layer thickness. Since the higher 
frequency components of the amplitudes are controlled by the near-surface struc-
tures which are over the layer containing the fault, they are not strongly affected 
by the lateral variations of the layer thickness. 
   The peak frequencies of the spectral ratios have a tendency to shift to lower 
frequencies in the case of incident waves from thick to thin layers than those in the 
case of thin to thick. The lowest peak frequency of  G1/01 tends to be around 1 Hz 
in the former case, and higher than 1.5 Hz in the latter case. This tendency sug-
gests that the spectral characteristics of amplifications are affected by the under-
ground structures including the adjacent areas in propgation of seismic waves, when 
seismic waves are obliquely incident. 
4. Seismic Responses for Incident SH Waves in a Multilayered Medium 
   Having a Lateral Discontinuity 
   The assumption of laterally uniform underground structures can not be always 
compatible with the tendencies of amplification characteristics mentioned above, 
deduced from the observed data. It is necessary to estimate the effect of the ground 
structures with laterally steep variations on seismic motions. 
   Seismic responses for incident SH waves are calculated by Kennett (1973, 1974) 
in a medium containing a layer in which there is a horizontal discontinuity in el-
astic parameters. In his method, motion-stress vector B is expressed as the following 
singular integral equations. 
 B  (k  ,  z,w) =  P  (k  ,  z,  zo)B  (k  ,  zo  ,  w)  +S(k) 
    S(k)  =  • P (k , z ,y) fa (k)  B°  (x  ,y  ,  w) sgn (x) e'x dx c(k) (J+oj_o)}dy 
 Zo 
          { 
  B° =11            _(x)°_,1-1,(x)  H+(x)0x<0 H_  (x) = {1< 0 
                  1  x>0  0  x>0 
In the notation above, P is a propagator matrix corresponding to the average media 
on both sides of the fault,  a(k) and  c(k) are matrices dependent on the elastic para-
meter contrasts across the fault plane.  B°, are local motion-stress vectors on either 
side of the fault, and  X1 are motion-stress vectors at the fault plane. Seismic waves 
through the fault layer are expressed by the equation with sum of two terms. The 
first term corresponds to the effect of the propagation of incident wave through the 
 media with averaged properties on both sides of the fault. The second represents 
diffracted waves corresponding to the effect of the sources introduced to allow for 
the effect of the lateral discontinuity. Kennett calculated the responses only for a
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simple model, i.e. infinite medium containing a layer in which there is a horizontal 
discontinuity. We evaluated the above equation considering the effect of adding a 
free surface to the medium. 
   Seismic responses for incident SH waves in layered media having a laterally 
irregular interface are also calculated by Aki and  Larner (1970). They developed 
a practical method based on a discrete wave number representation of elastic wave 
fields in which scattered wave field is described as a superposition of plane waves. 
The discretization results from a periodicity assumption in the discription of the 
medium, so that integral equations of boundary conditions in wave number domain 
reduce to infinite-sum equations. 
5. Computed Results and Discussion 
5.1 Computation for Vertical Incidence 
   Theoretical responses are shown in Fig. 9, calculated by these two methods 
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for vertically incident SH waves which correspond to the wave-field model of the 
incidence of the seismic waves from a deep earthquake. The underground structure 
model is simplified as shown in the lower part of Fig. 9. 
   If the maximum slope of the irregular interface is fairly large, the intrinsic error 
becomes larger beyond an acceptable level in the discrete wave number method. 
On the contrary, the singular integral equation method calculates the responses 
less acurately as the slope of the interface at the horizontal discontinuity becomes 
smaller. Thus, the assumed velocity structure model in these two methods is restrict-
ed to be a little different from each other, as shown in Fig. 9, to keep the error less 
than a tolerable level. The errors of numerical calculations are discussed later in 
this section. 
   Comparing Fig. 6 with Fig. 9, we find that the calculated amplifications by 
both methods and the observed values derived from the deep earthquakes are in 
good agreement. That is, the observed common-peaks around 1.5 Hz at the three 
points across the fault are apparent in the calculated responses. Besides, other 
observed results are obtained which show that amplification factors at the predominant 
frequencies increase with the increasing thickness of the soft layer directly beneath 
each point. 
   To estimate the spatial distribution of amplification factors, theoretical ampli-
fication factors at the frequency of 1.0 Hz are plotted versus horizontal distance 
from the fault in Fig. 10. This frequency approximately corresponds to the re-
sonant frequency of the fundamental mode on the side of the thicker surface layer due 
to vertical constructive interferences. Amplification factors become gradually lar-
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       Fig. 10. Spatial distributions of response amplutides at 1.0 Hz for vertically incident 
 SH waves. The broken line is the response calculated by the discrete wave 
               number method. The solid line is the response by singular integral equation 
                method. The assumed S wave's velocity-structures are the same as in Fig. 9.
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ger over a distance of about 400 m (half wavelength in surface layer), as the site 
moves from the thin to thick layer. This example shows that the resonance condi-
tion at each site is affected by underground structures including adjacent areas. 
5.2 Computation for Oblique Incidence 
   Theoretical responses for obliquely incident SH waves from different directions 
are compared in Fig. 11, calculated by the discrete wave number method. Seismic 
waves from shallow earthquakes are considered to approach the fault at oblique 
incidence. In the left of this figure, the theoretical curves correspond to the responses 
for incident waves approaching from the thick to thin layer, and the right figure 
shows them for incident waves from the opposite direction. 
   There is a significant difference between these two responses for the opposite 
seismic arrivals from each other. The peak frequencies of the theoretical ampli-
fications have a tendency to shift to lower frequencies in the case of incidence from 
the thick to thin layer than in the case from the thin to thick layer. That is, peak 
frequencies at  G1 in the former case are around 1.1 Hz, but in the latter case, around 
1.5 Hz. Similarly, the lowest peak frequencies at G3 are around 1.5 Hz in the 
former case, but higher than 2.5 Hz in the latter case. This tendency of the theore-
tical responses resembles that of observed spectral ratios,  G1/01 and  G3/01. 
   The dependence of amplification characteristics on the direction of incident waves 
seems to be more evident in the observed values than in the theoretical responses. 
This is partly because of oversimplification of the assumed underground-structure 
        THICK TO THIN THIN TO THICK 
   G1 G1 
 4- 4 
                           _ „/- •„ 
 2- 2 
 G3G3  4-4 - 
 2- 2_
  _ 
       1 2 3 (Hz) 1 2 3  (Hz) 
 e
e_20°  -  30  (531\ 
       Fig. 11. The variations of amplitude characteristics at  G1 and G3 with the directions 
              of the seismic arrivals, calculated by discrete wave number method. Left is 
              the case of incident waves arriving from thick to thin layers. Right is from 
               thin to thick layers.
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model in the theoretical computation. The P-wave refraction survey in this area 
shows that the thickness of surface layers increases gradually toward the west, from 
the fault to the center of the basin. The observed amplification characteristics in 
the vicinity of the fault may be affected by the dipping underground structures. 
But datailed comparison between the observed values and the theoretical computa-
tions is difficult at present because of scarcity of observed ground-motion data and 
the information concerning S wave velocity structures. 
5.3 Errors of Numerical Calculations. 
    In the Kennett method, computational errors become larger as the disconti-
nuity length increases, or as the incident wave length and slope of the interface be-
comes smaller. The range of applicability of this method is defined by the following 
condition. (Kennett 1974) 
                         coH  
                             sec 8 <1 
                                    7qmin 
where H is the thickness of the discontinuous layer,  n is the reflection coefficient, 
and 8 is the slope of interface. For the velocity structure model in this study area, 
incident wave frequencies are restricted to be no higher than 4 Hz. 
   The response in time domain for a low-frequency incident-pulse shows the 
result of overlapping of transmitted and reflected waves from discontinuous layer 
and diffracted waves generating from the discontinuity. In this case, the diffracted 
waves are hardly visible separately from other phases. It is necessary to calculate 
the response for a high frequency pulse, to examine the accuracy of diffracted wave 
calculation, which Kennett (1974) actually calculated. 
   We calculated the following response models; the response of the structure 
having a thin discontinuous layer (10 m) for vertically incident high-frequency pulse 
(20 Hz). The computation model used here is extended to the half space model, 
while Kennett dealt with only the infinite model. 
   Response wave forms are shown in Fig. 12 at various distances from the discon-
tinuity. Diffracted waves arising from the fault plane, as well as transmitted waves 
and reflected waves are clearly seen in this figure. Diffracted waves show a radia-
tion pattern due to a line of double couples along the fault, and attenuate with in-
creasing distance from the fault. The amplitude just at the end of the reflecting 
horizon of the fault layer should be half of the full reflected wave, after  Trorey  (1970)  .'9) 
In this computation, the ratio is in quite good agreement with his simple theory of 
seismic diffraction. But there are small noises in the region where no reflection is 
expected. This indicates the degree of error in this calculation method. Amplitu-
des of the computational noises are about 5 per cent of the incident wave amplitude. 
   In the Aki and  Lamer method, the intrinsic error, known as "Rayleigh anzats 
error," becomes larger as the discontinuity length and maximum slope of the inter-
face increases or as the incident wave length becomes smaller. The discrepancy of
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  Fig. 12. Displacement traces for a normally incident plane pulse showing reflected, transmitted 
          and diffracted waves from a 10 m thick truncated layer, calculated for varing horizontal 
          separations X from the fault (in meters) on a free surface. 
displacement and stress at the interface becomes larger, as the slope of the disconti-
nuity is steeper. As a measure of accuracy of this calculation, Aki and  Lamer de-
fined relative root-mean-square (rms) error as the following:
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                    E( A_ 2 )    ± 4 1 2     =1  
 (RMSE)2 
                   Eumio uvoco TINJ  r2N1 
                     /91 N11  Pi 
where  i2; and  rJ are the displacement and stress discrepancy (residuals) respec-
tively, at position j along the interface;  uiNi and  u", are computed values of dis-
placement at position j along the intertace in the layer and half-space, and  riNJ 
and  'rm.' are the computed stresses at those positions. In this study model, (rms) 
errors are within  15 per cent in the frequency band lower than 3 Hz. An example 
of (rms) errors for incident waves of various frequencies is shown in Fig. 13.  Effects 
of frequency characteristics of (rms) error on surface motion amplitudes are con-
sidered to be less than these values in spatial average. The influence of the ampli-
tude distribution due to the localized errors along the interface will be discussed in 
a later paper. 
                 RMSE 
 0.5 -  E  =0.01 
                  -  6 ?"'- 0
 • 1  
 2  3  Hz 
                  Fig. 13. Root-mean-square rrors for incident waves of 
                           various frequencies in the numerical calculation 
                         by the discrete wave number method. Eis the 
                          ratio of the imaginary to real parts of frequency.
6. Conclusion 
   The observed amplification effects due to soft surface layers on the ground sites 
have the following features. 
 1) In the case of seismic waves from deep earahquakes which are nearly vertically 
incident to the area, amplification characteristics at the 3-points across the fault
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have remarkable common-peaks around 1.5 Hz. 
2) However, amplification factors at this common peak frequencies are larger with 
the increasing thickness of soft surface layers immediately beneath each point. 
3) In the case of seismic waves from shallow earthquakes which are obliquely 
incident, the peak frequencies of the amplifications vary with the directions of seismic 
arrivals, shifting to lower frequencies for propagation of the thick to thin surface 
layers than those for propagation of the thin to thick layers. 
   These tendencies of the observed amplifications are approximately explained 
by the theoretical responses calculated by the singular integral equation method 
and the discrete wave number method. Comparing the observed values with the 
theoretical ones, we find they are in good agreement in the low frequency range, 
which is lower than about twice the fundamental resonant-frequency of the thicker 
layer. 
   These results indicate that in the area having steep horizontal discontinuity, 
amplification characteristics at a given site are strongly influenced by the structures 
involving adjacent areas in propagation of seismic waves. Spectral characteristics 
of amplifications across the discontinuity are similar to each other, as long as the 
incident wavelengths are larger than the dimension of horizontal discontinuity. 
However, amplification factors at the predominant peaks are different from each 
other, growing larger with the increasing thickness of surface layers. 
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